Normal human serum albumin, though prepared as a white dry powder, is distributed to the armed forces as a 25 per cent aqueous solution. This is advantageous, since the solution is ready without reconstitution for immediate emergency increased viscosity indicates incipient denaturation of protein. Excessively rapid denaturation probably indicates some impurity other than albumin in the original preparation. Therefore, the initial turbidity and its rate of change at 500 C. (1220 F.) and 570 C. (1350 F.) have been made the criteria of the acceptability of human serum albumin solutions for the armed forces. In addition, we have used the change in viscosity as a measure of the stability of albumin solutions. The two are complementary since turbidity measures the size of individual particles and depends but little on their shape or degree of hydration, while viscosity measures the shape and degree of hydration and depends but little on the size. The stability of albumin is so great that it has been necessary to devise tests which subject the albumin to much more rigorous conditions than it is likely to meet in the field, and measure changes much too small of themselves to be of practical importance.
METHODS
Viscometric studies have been made in an Ostwald type viscometer, modified so that sterility may be maintained and evaporation from the warm surfaces prevented. In this method, the density and time of flow through a capillary are measured. The viscosity is proportional to the product of density and time, and the proportionality constant can be determined by measuring these quantities for a liquid of known viscosity. In a stability study, the density remains constant, so viscosity is proportional to time of flow.
In dilute solutions, the viscosity, a, and its logarithm are both proportional to concentration, but the logarithm remains proportional up to much higher concentrations, and is thus a better measure of the extent of such change. Those reported in this paper are so small that this difference is not important, but we have followed our usual custom and tabulated values of log ai.
Turbidity studies have usually been made in a Zeiss-
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Pulfrich photometer with nephelometer attachment, in which the scattered beam makes an angle of 450 with the unscattered emergent beam." A very slight visible haze corresponds to 20 or 25 units, and an easily visible haze to 30 or more units. The average well-filtered albumin solution has a nephelometric reading of less than 10 units, even after being heated at 500 C. for 2 weeks. An increment of 20 nephelometric units would thus render the average preparation hazy and has been adopted as a convenient quantitative measure of stability. Some of the solutions have been studied in a special photoelectric tyndallometer 6 which measures the light scattered at any angle. The light source is a high pressure mercury arc. The incident beam can be polarized at any angle and the intensity of its polarized components measured. One unit of this instrument is approximately one-fifth of a Zeiss unit.
In dilute solutions, the scattered light is proportional to the concentration of scattering particles, but at higher concentrations, the effect of the solute on the index of refraction becomes important. In concentrated albumin solutions, the scattering actually decreases as the protein concentration increases. However, there is little change of index of refraction on denaturation, and the increase in turbidity is proportional to the number of scattering particles if the nature of these particles is unchanged.
The high temperatures by measuring the time necessary to give a visible cloud in a capillary tube illuminated from the side. The turbidity increase at this stage is so rapid that a very approximate measure of turbidity gives an accurate measure of the time. This method is discussed in another paper in this series (1) .
Gelation studies have also been undertaken to determine, in quantitative terms, the relation between turbidity and development of structure. This has been estimated by noting the time at which freedom of motion of entrapped air bubbles is lost. The end-point adopted is that the bubbles in a bottle containing 25 per cent albumin, when rotated back and forth, shall exhibit recoil. Whereas gelation limits the conditions to which these very stable albumin solutions can be subjected, incipient turbidity gives the earliest indication of instability, and has indeed formed the basis for the testing and acceptance of albumin for the armed forces. The effects on stability at different temperatures, of changing the concentrations of albumin, of salt, of hydrogen ion, and of merthiolate, and of storing at moderate temperatures have been determined. Most of these effects were studied first on commercial preparations in which 1 to 2 per cent of the protein was globulin, but many of our more detailed experiments have been carried out on crystallized human albumin of very high purity.7 Such studies tell us more regarding the albumin itself. The crystallized albumin solutions studied are identified as HA 42, HA 64, and COM 1. The standard albumin preparations from different laboratories are identified by capital letters.
RESULTS

Effect of pH on stability
Early experiments with standard albumin, prepared by the method of Cohn and coworkers (2) , showed that there is a maximum stability at approximately 6.8. More careful experiments have now been carried out on 2 samples of crystallized albumin.' The stabilities, defined as the time necessary for an increase of 20 units in the nephelometer reading (20 N.U.) and for an increase of 10 per cent in viscosity (A log X = 0.0414), are given in Table I An increase of 20 nephelometric units, although a somewhat arbitrary choice, is a measure of the reading of a solution having a barely visible haze. The choice of 5 per cent or 10 per cent for the increase of viscosity is entirely arbitrary. However, the shapes of the curves are usually so similar that doubling or halving the arbitrary values would make little change in the relative stabilities (Figure 2) .
The curves in Figure 1 represent the experimental points satisfactorily except that the point at pH 6.60 appears to show too great nephelometric stability at 570 and too little at 500. The curves of nephelometric reading versus time for both of these measurements were not of regular form, as shown in Figure 2 , so that these points are probably not as certain as the others. Each curve in Figure 1 is symmetrical and of the same form. Each decreases 4 per cent of the maximum value at 0.2 pH unit either side of the maximum and 25 per cent at 0.5 unit from the maximum. The maximum is at 6.75 for viscosity at 550, 6.92 for nephelometry at 570, and 7.02 for nephelometry at 500.
In these experiments, the pH adjustment and CO2 equilibration followed filtration to avoid variations from filtration. Another set of solutions was therefore prepared from crystalline albumin, HA 64, and each was filtered after equilibration. They were studied nephelometri- hours, and the viscosities redetermined. The most concentrated solution was diluted to the concentrations of the other solutions, and the viscosities of these solutions were also determined.
The results are summarized in Table III Tables IV and V.  Table IV shows the ratio of the viscosity after storage to that before storage. At 00 and 250, there is no increase even in 400 days. At 370, there appears to be a small increase which is, however, greater than the experimental error. 
These results, as well as those graphically represented in Figure 2 , show a marked similarity between the nephelometric reading and the viscosity, in that both begin to change rapidly at the same time. They also show an important difference in that the nephelometric reading remains constant before this rapid, change while the viscosity changes from the very start. The relative stabilities could be determined as well from the initial slopes of the viscosity curves as from the later values. This indicates that there is a change in shape before there is any formation of molecules large enough to give much light scattering.
The experiments on storage at moderate temperatures and on filtration, considered in subsequent sections of this paper, indicate that the very first effect is one which affects neither light scattering nor viscosity but only renders the material more susceptible to changes which register by our methods of study. Our results suggest that this first reaction varies less rapidly with the temperature than the subsequent ones, so that it is not negligible at room temperature, and also that the effect of albumin concentration on stability is exerted on the subsequent stages by decreasing the probability of encounters of susceptible molecules. Many careful experiments would be required to establish these points.
Effect of storage at high temperatures on stability
The thermal stability of every commercial preparation has been tested on samples submitted to the Harvard Albumin Control Laboratory. These samples have been incubated routinely at 500 and, during the past 8 months, at 570 C. as well. Nephelometric readings, as previously described, have been made at frequent intervals, and the rate of increase in turbidity (1) following the adoption of the pH which has been proven optimal for stability, and (2) following the adoption of a salt content of 0.3 M (1.7 per cent NaCl) rather than 0.15 M (0.85 per cent NaCl) for the 25 per cent albumin solution. The stability of the standard, commerical, amorphous albumin preparations studied (containing less than 2 per cent globulin) was, however, lower than that obtained with the experimental crystalline lots processed at the Harvard pilot plant. The stability of crystallized lots should represent nearly the maximum attainable under given conditions of salt content, pH, and temperature.
The nephelometric readings from a study of one standard preparation from each commercial laboratory, which has been incubated at 50°C. over a period of months, are graphically represented in Figure 3 . Results from the study of crystallized albumin are also charted. Not only the crystallized, but also the standard albumin is quite usable even after 6 months at 50°C. At 570 C., the number of hours necessary to cause an increase of 20 nephelometric units, based on the average of all preparations approved for delivery to the armed forces in the past 6 months, is over 80 hours and for the best preparations over 100 hours.
There is no evidence that the development of the slight haze represented by the highest nephelometric reading recorded in Figure 3 would be injurious clinically. Such preparations have been used without reactions of any kind being noted.
These very careful studies were therefore undertaken to render the preparations (1) as nearly uniform as possible, and (2) as stable as possible even when exposed to the most adverse conditions likely to be imposed by military medicine. standard albumin preparations is reported graphically in Figure 4 . There is considerable spread in the results, due in part to variations within the permissible pH range and in part to slight differences in practice in the 7 different laboratories which processed the albumin. Only in the case of unsatisfactory preparations which became hazy in less than 2 days did gelation occur soon after the first visible haze. On the average, the later preparations appear to take about three times as long for incipient gelation as for the formation of the first visible haze. Filtration of partially denatured albumin It may become important to know whether a part of the material which has become too turbid or too viscous for use can be recovered by filtration. It is also interesting and perhaps important to know what fraction of the protein is altered by denaturation. This can be determined to a reasonable degree of certainty by measuring the protein that can be recovered by filtration. With the small amounts of material available, it is not possible to determine the total amount held in the filter, and the concentration of albumin in the filtrate will depend upon the dryness of the filter pad before the filtration. The ratio of albumin concentration to that of sodium chloride should give the amount of protein held back without the corresponding amount of salt. We may assume that the solution entrapped in the meshes of the filter pad or of the unfilterable residue will contain the same ratio of albumin to salt as the filtrate.
A sample of standard commercial albumin, HA 35, was heated at 570 for 16 hours; the solute concentrations, turbidity, and viscosity were measured; it was filtered through a Seitz Ser. 3 filter; and the measurements were repeated.
Another sample was heated 11 hours at 570; the solute concentrations, turbidity, and viscosity were measured before and after 3 filtrations through Seitz Ser. 3 filters; and the stability of the filtered solution was measured nephelometrically and viscometrically. The results are given in Table VI. The individual concentrations are changed only slightly and the ratio of albumin to salt indicates that no appreciable fraction of the protein is held back. Yet the nephelometer reading is reduced from 78 to 21 in the first case and from 36 to 13.5 in the second. The latter value is about as low as we achieved with small quantities of material. The filtration reduced the viscosity from 7.43 to 6.15 in the first case and from 6.88 to 6.37 in the second. However, the nephelometric and viscometric stabilities are both much smaller than for the unheated material. These results show that a very large part of the effect on turbidity and viscosity is due to a very small fraction of the material, and also that the stability of the filtered solution is much smaller than that of an unfiltered solution with the same turbidity or with the same viscosity. They give no indication whether this decreased stability is caused by a change in a small fraction of the molecules or by a smaller change in a large fraction of them.
CONCLUSIONS
Many of the results of these experiments have already been reflected in the production of human serum albumin for the armed forces. The pH is specified at 6.8 0.2 in order that the stability may be within 10 per cent of the maximum. The sodium chloride concentration now used, 0.3 M, lies between the concentration in plasma, 0.15 M, and 0.6 M, the concentration which would make the solution 0.15 M when diluted with water to have the same osmotic pressure as normal plasma. Stability considerations demand that the salt concentrations be as high as physiological requirements permit.
Although it is desirable that albumin solutions be kept in the cold, this does not appear important unless they are to be stored for a long time or are to be subjected at a later time to temperatures well above 1000 F. (380 C.).
